Introduction
Surgical implantation of biomaterials initiates a cascade of cellular and biochemical events that ultimately determine the quality of their integration in the body. Macrophages modulate immunoresponse during inflammation and healing, and thereby represent a key player in these events. The functional behavior of macrophages is dictated not only by the cytokine and cellular environment that is generated at a wound site but also by the biomaterial itself. Following implantation, one of the initial events is the adhesion of macrophages on the implant surface, a process that is highly dependent on its physicochemical properties. 1, 2 While there is general agreement that surface features have a determining influence on the inflammatory response, there are still some discrepancies regarding size. 3 Because cell-matrix-substrate interactions occur on the nanoscale, surface topography at this scale can directly influence the cellular response. 4 Based on these considerations, researchers have focused their efforts on modifying nanoscale surface topography with the objective of reducing detrimental inflammatory events that could lead to rejection or fibrous encapsulation. Nanotopography-mediated macrophage activity strongly depends on the morphological characteristics of surface features. 3, 6 For instance, Ma et al 7 found that TiO 2 nanotubes with a diameter of 30 nm produced less inflammation compared to 80 nm. On the other hand, Neacsu et al 8 showed that similar surfaces with a mean diameter of ~78 nm attenuated the inflammatory activity of RAW264.7 macrophages. Therefore, outcomes cannot simply be predicted based only on the size of surface features, but rather any relevant nanostructured topography must undergo an evaluation to obtain a reliable indication of inflammatory potential. Our group has been exploiting simple oxidative treatments to generate mesoporous (,50 nm) topographies on various metallic surfaces. 9, 10 The process, termed "nanocavitation" (formation of nanoscale spaces), 11 has been used to modify the surfaces of biocompatible metals, such as titanium and Ti6Al4V alloy, CrCoMo, tantalum, 9 and recently 316L/304 stainless steel. 11 In the case of titanium, the resulting nanocavitated surface consists of an intricate network of pits with diameters of 20-22 nm and depths of 10-20 nm. 10 This mesoporous surface reliably and selectively influences various cell types and promotes osteogenic activity both in vitro 9,12-14 and in vivo. 15 Nanocavitated surfaces also simultaneously limit bacterial adhesion and growth. 11, 16, 17 However, their inflammatory propensity remains to be defined.
The present work aims at probing the impact of nanocavitated titanium surfaces on mediating the initial inflammatory response. To this end, we have compared the response of U937-derived macrophages plated on titanium with a mesoporous surface (TiNano), polished titanium (TiPolished), and glass coverslips (Glass). Cell number and morphology were evaluated. Expression of osteopontin (OPN) and of the proinflammatory SPARC protein and its stabilin 1 receptor were analyzed by immunofluorescence. Release of inflammation-associated cytokines and chemokines was also measured. Altogether, our results demonstrated that the mesoporous surface network created favorably controlled the activity of macrophages in a way that was consistent with reduced inflammatory response. They also broaden our general understanding of how this important immune cell responds to biocompatible, yet foreign materials.
Methods

chemical nanocavitation of titanium samples
Commercial grade 2 titanium disks 13 mm in diameter and 2 mm thick were polished, sonicated in distilled water, and rinsed with toluene (TiPolished). 12 Nanocavitated titanium (TiNano) samples were generated by immersing polished disks for 2 hours in a solution composed of equal volumes of 96% H 2 SO 4 (JT Baker, Phillipsburg, NJ, USA) and 30% aqueous H 2 O 2 (Thermo Fisher Scientific, Waltham, MA, USA) as previously reported. 18 The two components of the oxidizing solution were mixed in a beaker and placed in an ice bath to control the exothermic reaction until the temperature stabilized at 22°C. The disks were then introduced into the mixture (total volume in the beaker: 10 mL/disk) and kept under continuous agitation with a magnetic stir bar. Treated samples were then rinsed with distilled water, sonicated for 15 minutes in distilled water, and air-dried. Prior to use, control and treated disks were sterilized by immersion in 70% ethanol, followed by three rinses in PBS containing no Ca cell culture 20 was added to achieve differentiation. Cell cultures were carried out in an incubator at 37°C with 5% CO 2 . Based on the progression of cell cultures in pilot analyses, cells were processed after 72 hours for scanning electron microscopy (SEM) and immunofluorescence. seM Cells were fixed for 2 hours at room temperature (RT) in 0.1 M sodium phosphate buffer (PB; pH 7.2) containing 2.5% glutaraldehyde (EMS, Hatfield, PA, USA). Samples were postfixed with 1% aqueous osmium solution (1 hour at 4°C) and washed three times (5 minutes) with PB. Then, cells were dehydrated in increasing aqueous ethanol concentrations (30%-100%) and finally dried in a critical point dryer (CPD 030; Balzers, Hudson, NH, USA). Cells cultured on Glass were coated with a thin layer of carbon prior to observation to reduce surface charging of this substrate. Imaging was carried out with field-emission SEM (7400F; JEOL, Tokyo, Japan) using low voltages (1-1.5 kV).
Immunofluorescence microscopy U937 cells cultured on each of the three substrates were first washed in PB and then fixed for 30 minutes at 4°C in 4%
International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com
Dovepress
8299
Ti nanocavitation and macrophage activity freshly prepared paraformaldehyde solution in PB. After being washed three times in PB, cells were processed for immunofluorescence labeling at RT. Briefly, they were permeabilized with 0.5% Triton X-100 in PB for 10 minutes, followed by blocking with 5% skimmed milk, also in PB, for 1 hour. Cells were then incubated in a humidified environment for 2 hours with rabbit polyclonal antibodies to antihuman OPN at 1:500 dilution (LF123; courtesy of LW Fisher), bovine osteonectin (SPARC) at 1:400 (LF-BON1; courtesy of LW Fisher), and antihuman stabilin 1 at 1:200 (Millipore C-terminus AB6021). Corresponding goat secondary antibodies tagged with Alexa Fluor 488 (green fluorescence) or 594 (red fluorescence; Thermo Fisher Scientific) were used at a working dilution of 1:500. Omission of the primary antibody was used as control. All antibody dilutions were prepared in PB containing 0.5% milk protein. Rhodamine-phalloidin (red fluorescence, 1:150; Thermo Fisher Scientific) was used for actin labeling. Between each incubation step, samples were washed in PB (three times for 5 minutes). Titanium samples were placed cell side upon glass slides and covered with Glass using mounting medium containing DAPI to stain nuclei fluorescent blue (Thermo Fisher Scientific). Control cells grown on Glass were placed face down with DAPI mounting medium. Samples were then examined by epiluminescence under conventional, upright, and fluorescence microscopy (Axio Imager M2; Carl Zeiss, Jena, Germany) using the same exposure settings to estimate expression. For cell counts, a minimum of 1,700 cells were counted at 20× magnification.
Phagocytosis of latex beads
Phagocytic activity was measured as previously described. 21 Briefly, U937 promonocytes were collected, plated onto Glass, TiPolished, and TiNano disks, and treated as described earlier for differentiation. They were then serum-starved for 2 hours (from 70 to 72 hours of incubation with only RPMI 1640 medium). Then, freshly sonicated (5 minutes) latex beads (L4655; Sigma-Aldrich Co., St Louis, MO, USA) were added (6 µL/well). After 3 hours, wells were rinsed with cold PBS to remove the excess of beads. Trypsin-EDTA (0.25%, 150 mL) was added for 30 seconds and rinsed twice with PBS (5 minutes). Finally, cells were fixed in paraformaldehyde and stained for actin and nuclei as described earlier. To estimate macrophage phagocytic activity, a minimum of 100 cells were counted and expressed as a percentage of phagocytic cells.
cytokine release from macrophages
To evaluate whether nanotopography elicited different inflammatory responses, the release of 40 cytokines and chemokines was quantified using a Bio-Plex 40 assay system at the Princess Margaret Genomics Center (Toronto, ON, Canada) according to the Bio-Rad human cytokine/ chemokine protocol. Briefly, U937 cells were cultured for 72 hours, 50 µL culture medium was collected and incubated with Bio-Plex magnetic beads for 30 minutes at RT, and washed twice with 100 µL wash buffer. Beads were subsequently washed again three times and incubated with 25 µL detection antibody for 30 minutes. Streptavidin-phycoerythrin (50 µL) were added to the beads for 10 minutes at RT. Beads were again washed and resuspended in 125 µL assay buffer. Assays were read with a Luminex 100 reader and data analyzed using Bio-Plex Manager 6.0. Analyte concentrations are indicated in pg/mL.
statistical analyses
Cell number, cell area, phagocytic activity, and cytokine release on the mesoporous surface were analyzed using oneway ANOVA at an overall significance level of 0.05, and Bonferroni adjusted for multiple comparisons. All statistical analyses were carried out using OriginPro 8.5 software (OriginLab). Results are expressed as mean ± SD. Values of P,0.05 were considered statistically different, while values above were not different. The results described are representative of three sets of experimental cultures, each carried out at different time points. For the cytokine-release study, results were obtained from a single experimental run with four samples for each substrate.
Results and discussion
Studies on biomaterial biocompatibility often focus on the response of tissue-specific cells (eg, osteoblasts for hardtissue implants, fibroblasts for soft-tissue implants). Such studies do not take into consideration the inflammatory response to biomaterials that occurs immediately after implantation. Given the macrophage proclivity for producing and releasing chemical mediators that can have direct (eg, enzymes) or indirect (signaling molecules) effects on the microenvironment surrounding the biomaterial, these cells have great capacity to direct downstream cellular events and affect the behavior of tissue-specific cells. Analysis of TNFα, a proinflammatory cytokine, concluded that both macrophage morphology and their release of cytokines reflected the biocompatibility of a surface and correlated with each other. 22 The present study investigated the response of macrophages to a modified titanium surface generated by a process of simple chemical nanocavitation. This surface was previously shown to have a manifest influence on 12, 23, 24 To characterize the macrophage response, our work distinctively analyzed a broad spectrum of parameters, including cell morphology and function and expression of proinflammatory molecules and cytokines.
characterization of titanium surfaces
As previously reported, 9,10,13,25 treatment of titanium with a mixture of H 2 SO 4 /H 2 O 2 predictably generates an amorphous TiO 2 surface estimated to be ~32-40 nm in thickness with a root-mean-square roughness of ~17 nm determined by atomic-force microscopy. This surface layer comprises a network of nanopores (Figure 1 ) with diameters of 20-22 nm and depths of 10-20 nm. No distinctive topographical features were seen on TiPolished (Figure 1) .
Surface chemical composition of the untreated sample surface indicated the presence of naturally formed titanium oxide with some contaminants, such as C, N, and Si. 10 After chemical treatment, there were no contaminants except for C, which is normally observed on oxide layers under atmospheric conditions. It is worth noting that no traces of S were observed, even though the samples were immersed in concentrated H 2 SO 4 . 10 cell morphology, growth, and spread Staining of nuclei with DAPI indicated that there were fewer U937 cells on TiNano compared to TiPolished, but no difference with Glass was found (Figure 2A ). Quantitative analysis demonstrated that the difference was statistically significant ( Figure 2B ). This observation indicates cells adhered less on the mesoporous surface compared to the smooth one ( Figure 2 ). Preliminary experiments with fully differentiated U937 cells (as described earlier) yielded similar adhesion results (data not shown). However, unequivocally defining whether this difference was a result of differential adhesion only or a combination of adhesion and differentiation would require analyses at short time intervals after plating (eg, 12 hours).
Macrophages can adopt different migration modes defined by different cell morphologies, depending on the physical and chemical properties of specific environments. 22, 26, 27 The amoeboid-migration mode is characterized by spherical cells with a small number of short protrusions. In the mesenchymal mode, cells display an elongated shape with multiple long protrusions. 28 Field-emission SEM imaging (Figure 3 ) permitted the detailed study of cell morphology, revealing differences as a function of surface topography. As illustrated in the representative images shown in Figure 3A and B, macrophages spread less and adopted a more rounded profile on TiNano. They also occupied less surface area than cells on TiPolished (Figure 4) .
The U937 macrophages on TiPolished showed cells with large cytoplasmic veils (red arrows in Figure 3A) surrounding the entire cell with several short filopodia emerging from them ( Figure 3C ). No such cytoplasmic veils were observed in cells on TiNano ( Figure 3A ), but these emitted numerous thin and long filopodial extensions ( Figure 3C ). Interestingly, cells differentiated on Glass presented a morphology that reflected aspects on both titanium surfaces (Figure 3) .
Cells on the TiNano surface showed punctate actin expression ( Figure 5C ), which may be indicative of podosome formation ( Figure 5C , enlarged areas). Podosomes are actin-rich structures involved in adhesion and invasion functions of macrophages. 29 However, very little punctate 
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Ti nanocavitation and macrophage activity Cell migration is broadly classified as either amoeboid or mesenchymal, and relies on multiple parameters, including morphological appearance. 31, 32 Based on the latter, U937 cells on nanocavitated surfaces appeared to fit the amoeboid-migration mode classification, while those on TiPolished surfaces the mesenchymal one. This is further supported by the observation that there were fewer cells on TiNano. 32 Lu and Webster 27 referred to this classification in a study on the response of IC21 macrophages to nano-and submicron-rough titanium. Although changes in structural features have been reported in macrophages cultured on various surfaces, the morphological classification conventionally used to describe them in inflammatory afflictions has not been systematically applied to categorize their behavior on nanotopographies. This classification could offer an additional parameter to better define the inflammatory response of macrophages to various biomaterials and surface topographies relating to their physiological role in inflammation. In addition, the use of a standard terminology may also facilitate comparisons among studies with various macrophage lineages and surfaces.
Different intracellular signaling pathways have been associated with the amoeboid and mesenchymal migration modes. The amoeboid-migration mode that typifies what we observed on TiNano surfaces is ROCK-dependent. 28 This protein is also implicated in the response of osteogenic cells labeling was seen on TiPolished and Glass ( Figure 5A and B) . This is consistent with the capacity of podosomes to sense and passively report topography. 30 The podosomes on TiNano exhibited small actin dots in the center of the cell, suggesting that they represented inactive successor podosomes. 29 These results showed that macrophages on TiPolished and to some extent on Glass were more active than the ones in contact with the TiNano surface.
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Ti nanocavitation and macrophage activity cultured on mesoporous titanium surfaces.
14 Indeed, similarly to U937 cells, osteogenic cells also undergo morphological changes and express abundant, thin, and long filopodia on both nanocavitated titanium and stainless steel. 11, 14 A recent work 17 concluded that these structural changes were predominantly determined by the physical characteristics of surfaces, at least for MC3T3 osteogenic cells. The amoeboid morphology indicates greater macrophage mobility, and together with the lower number of cells, this may reflect a lesser attraction of U937 to TiNano.
Macrophage expression of OPN, sParc, and stabilin 1 OPN is an extracellular matrix protein and proinflammatory cytokine, and is expressed by macrophages and highly induced during inflammatory activation. [33] [34] [35] While OPN was expressed on the three surfaces, in general it was less abundant on TiNano and Glass ( Figure 6A ). On a cellmorphology basis, the highest expression was found in elongated cells, which were more predominant on TiPolished.
Consequently, it can be concluded that the overall expression of OPN was greater on this surface.
SPARC and stabilin 1 are a protein and a receptor, respectively, which bind together and are expressed by macrophages in inflammatory conditions. 36 SPARC is a secreted matricellular protein that promotes cellular deadhesion and motility in wound healing, carcinogenesis, and inflammation. [36] [37] [38] Stabilin 1 is a scavenger receptor expressed on macrophages during chronic inflammation and tumorigenesis. 39 To our knowledge, the in vitro expression of these two molecules by macrophages in relation to nanotopography has not been studied. High expression of SPARC and stabilin 1 was found in most cells on all three surfaces. Although there was a tendency for weaker labeling on TiNano ( Figure 6B and C) , the difference was too subtle to conclude unequivocally on a visual basis. This may be a case where rigorous quantitative analysis of the immunostaining and/ or reverse-transcription PCR analysis may provide a more accurate evaluation. The overall lower expression of OPN, and possibly also SPARC and stabilin 1, supports the concept 
Phagocytosis
One of the functions of macrophages is the phagocytosis of cellular and acellular debris during inflammation and wound healing to allow the generation of new tissue. 40, 41 Cells on all three surfaces were capable of phagocytosing latex beads (Figure 7B ), but there was a greater percentage of phagocytosing cells on TiNano compared to TiPolished ( Figure 7A) . Overall, there seemed to be more beads phagocytosed by the cells on TiNano and Glass surfaces ( Figure 7B ). Extrapolated in vivo, this heightened activity could forebode a better healing response.
Influence of nanopatterning on cytokines
The simple attachment and/or differentiation of macrophages onto a material surface does not allow judgment on whether those cells are more or less activated. The signals and enzymes that macrophages release, however, are indicative of their level of inflammatory activation. In this work, we have examined the influence of nanocavitated surfaces on stimulating the production of a wide number of cytokines (40) , to gain insight into their functional activity and/or inflammatory potential. Of the multiple cytokines tested (Table 1) , expression of the majority was similar on all three substrates, and some well-studied cytokines, such as CXCL13, CCL27, GM-CSF, and IL2, were released in very low concentrations (Table 1) . I309/CCL1 showed a tendency to be upregulated on the nanostructured surface, but the difference was not statistically significant. MCP1/CCL2 was the only chemokine upregulated on TiNano (Figure 8 ). ENA78/CXCL5, eotaxin 3/CCL26, fractalkine/CX3CL1, GCP2/CXCL6, Groβ/CXCL2, IP10/CXCL10, MIP3α/CCL20, and MPIF1/CCL23 were all downregulated (Figure 8) .
By focusing our analysis on those cytokines that showed strong differences among the three surfaces, some unique functional differences emerged. For example, there was a remarkable decrease in the amount of IP10/CXCL10 (78%) and MIP3α/CCL20 (67%) expressed by cells on TiNano. These are all recognized as proinflammatory cytokines, and this observation confirms previous work on micro-and nanostructured materials. 42, 43 Our data also demonstrated 45% more release of the chemokine MCP1/CCL2 on TiNano, which is implicated in the recruitment of monocytes and macrophages to the implantation site. 44 A perusal of the literature on nanoporous surfaces with similarity to ours indicated variable results 
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Ti nanocavitation and macrophage activity on the regulation of cytokine secretion. For example, Tan et al 45 showed that the murine macrophage-like RAW264.7 cells on titanium nanotubes ~100 nm in diameter were restricted in proliferation, migration, and proinflammatory cytokine expression (TNFα, IL1β, IL6). Ma et al 7 found a size effect on regulation of IL1β, IL4, IL6, IL8, IL10, PDGFBB, TNFα, and IFNγ. In contrast, Lu and Webster 27 showed that expression of proinflammatory cytokines IL1β, IL6, and TNFα by mouse IC21 macrophage cells was undetectable on both nanotopographic and flat surfaces without the presence of an inflammatory activator. These discrepancies likely relate to differences in the surfaces and macrophage cell lines used and the subset of cytokines examined, which complicates comparison between studies. Taken together, our results indicate that nanocavitated surfaces exhibit a less inflammatory profile. Because such surfaces have been shown to promote osteogenic cell activity 11, 12, 23 in vitro and bone formation in both dog 23 and rat models, 15 it could be presumed that the macrophagic response they elicit do not interfere with bone formation and may actually facilitate the initial events leading to bone integration. Coculturing of osteogenic and macrophagic cells on mesoporous titanium surfaces could allow dissection of any bone-signaling pathways to which macrophages contribute.
Conclusion
A key aspect in the design of biomedical implants is the ability to minimize the inflammatory response and foreign-body reactions. We tested a distinctive mesoporous titanium surface obtained by a process of a simple chemical nanocavitation 11 that selectively influences cell activity, 12, 23 but that has not yet been tested for its anti-inflammatory potential. Our results indicate that its physicochemical properties are sensed by U937 macrophagic cells. Collectively, the amoeboid morphology, phagocytosis activity, and cytokine profile elicited suggest that the generated surface trends toward a low inflammatory profile that could facilitate the integration of medically relevant metals in the body.
